INTRODUCTION
Although male fitness generally increases in proportion to the number of successful matings garnered, the same is not typically true of females (reviewed by Hosken 1999 , Birkhead 2000 , Jennions & Petrie 2000 , Pizzari & Birkhead 2002 . Because females do not always gain an obvious fitness benefit from multiple matings, the reason why females mate with several males remains controversial (reviewed by Andersson 1994 , Reynolds 1996 . This is especially true of many insects and some crustaceans in which females are able to store enough viable sperm from a single copulation to last for much of their reproductive lifetime (reviewed by Hosken 1999) .
Paternity in crabs has been infrequently investigated (e.g. Diesel 1989 , Koga et al. 1993 , Jensen et al. 1996 , Urbani et al. 1998 ), but among the few species studied to date multiple paternity appears rare (reviewed by Urbani et al. 1998 ). The possible mechanisms for single paternity in the face of multiple matings by females fall into 2 primary categories: sperm stratification and sperm removal. Sperm removal may be accomplished via physical removal or displacement of ejaculate by subsequent males, but to date sperm removal has not been demonstrated in crabs. In cases of sperm stratification, last mate precedence in fertilization success is often observed (reviewed by Urbani et al. 1998) . The mechanism of last male precedence appears to be that subsequent sperm displaces that of earlier matings toward the blind end of sperm storage organs, and away from the ducts which lead to the ovary (e.g. Diesel 1991 , Urbani et al. 1998 .
Unlike the brachyuran crabs, no internal sperm storage structures are known for anomuran crabs. In the Paguridae and Lithodidae, eggs appear to be fertilized externally after they are released, but before being attached to pleopodal setae for brooding (Nyblade 1987) . In Paralithodes, sperm transfer is accomplished via modified fifth pereopods because there are no gonopods (Powell & Nickerson 1965) . Male Porcellanidae have similarly modified fifth pereopods, but also have a pair of gonopods, and it is not known how either function in copulation (G. Jensen pers. comm.).
ABSTRACT: Investigations of paternity among marine crustaceans are rare, but the few studies of brachyuran crabs that have been done to date suggest that most broods derive from single males. Here I use 2 hypervariable microsatellite loci to genotype a dozen brooded embryos from each of 10 gravid females of the porcelain crab Petrolisthes cinctipes (Anomura: Porcellanidae). Based on the number of non-maternal alleles detected among the offspring, at least 1 to 3 males must have fathered each of these broods, and most females were multiply mated. Using a Bayesian approach, I estimate the frequency of multiple mating to be roughly 92.5% in the Bodega Bay population, with a 95% confidence interval of 71 to 100% of females producing broods of multiple paternity. As part of a study to examine patterns of larval dispersal and population structure in this species, I developed highly polymorphic microsatellite markers (Toonen 2001) for the porcelain crab Petrolisthes cinctipes. In the course of testing these microsatellite loci, I undertook a study of patterns of inheritance of alleles at these loci, and discovered genetic evidence for multiple paternity of broods in P. cinctipes.
MATERIALS AND METHODS
Study organism. Petrolisthes cinctipes is a small suspension-feeding crab that uses modified maxillipeds to collect planktonic food items, especially detritus and diatoms (Wicksten 1973) . P. cinctipes is restricted to a relatively narrow vertical zone of the rocky intertidal (~0 to 1.8 m above the mean low low water, MLLW) (Jensen & Armstrong 1991) . Individuals of both sexes and all size classes, from newly settled postlarvae (~1.5 mm) to large adults (up to 20 mm carapace width), live together in large aggregations (up to 3933 ind. m -2 ) (Jensen 1990 ). Aggregations of these small crabs are found in virtually all areas of appropriate habitat, ranging roughly from Porcher Island, British Columbia (54°0' N) (Hart 1982) to Morro Bay, California (35°20' N) (author's pers. obs.).
Petrolisthes cinctipes are gregarious, and juveniles recruit beneath live conspecific adults (Jensen 1991) . Adults appear to compete for access to high quality feeding spots characterized by high flow rates (Jensen 1990) , and individual growth rates decline with increasing conspecific density in both the lab and the field (Donahue 2004) . Petrolisthes is gonochoric, and females brood their eggs until they hatch (Nyblade 1987) . Timing of reproduction varies with latitude, but in northern California females typically produce broods from February through mid-April (Donahue 2004) . However, brooding females can occasionally be found at low frequency as late as September (author's pers. obs.). Although the exact mechanism of copulation in P. cinctipes remains unknown, mating occurs in the hard-shelled state, and large males defend territories in an attempt to monopolize access to females (Molenock 1974 (Molenock , 1976 . Newly extruded broods may contain up to ca. 1300 embryos, each roughly 0.1 mg in dry weight and 800 µm in diameter (Donahue 2004) .
Brooding makes it possible to collect a dam and all her offspring simultaneously in the field. This allows the use of molecular genetic tools to examine patterns of inheritance, and make inferences about mating behavior of these animals in the field, without the necessity of labor-intensive lab crosses.
DNA extraction. Live Petrolisthes cinctipes were harassed in order to stimulate autotomy of a cheliped, which they do readily. After dissecting ~5 mg of muscle tissue from the limb for DNA extraction, each cheliped was placed into a uniquely numbered vial filled with 95% ethanol, and stored at -30°C as a backup. DNA was then extracted from the dissected muscle tissue using the PureGene kit (Gentra Systems), following their marine invertebrate extraction protocol (#00690).
PCR amplification and electrophoresis. Primers for the microsatellite loci used in this study were isolated following the 'Microsatellites for Ecologists ' protocol (Toonen 1997) . Details of the isolation and characterization of the primers (Pc156s and Pc170s) used to amplify microsatellite loci used in this study are described in detail elsewhere (Toonen 2001) . The forward (F) and reverse (R) primer sequences for each locus used in this study are: Pc156sF (5'-TTGGCTTTGAAGACCCTGTGG-3') and Pc156sR (5'-CGGGGGATCATTGCTTTGTC-3'), Pc170sF (5'-TGGCCGTTGCTGTTGTTGTC-3') and Pc170sR (5'-GGCACCAGTCATTCCCAGTTG-3').
PCR reaction mixes contained Perkin Elmer 10 × Buffer II at 1× concentration, 2.5 mM MgCl 2 , 0.1 mM each of deoxynucleoside-triphosphate (dNTPs), 1 × bovine serum albumin (BSA at 1 mg ml Amplified PCR products were electrophoresed on an Applied Biosystems ABI 377 XL automated sequencer and scored using the STRand software package (Hughes 1998) , as outlined in Toonen & Hughes (2001 , 2003 . Summary statistics were calculated with the Arlequin population genetics data analysis program, version 2.000 (Schneider et al. 2000) .
Inheritance and paternity of brooded larvae. To test for Mendelian segregation, loci were scored in 12 offspring from each of 10 brooding females provided by S. Morgan and M. Donahue from the Bodega Bay Marine Lab, California. A chela was removed from each female and muscle tissue was dissected for DNA extraction as outlined above. Offspring were selected haphazardly from a single sample of brooded embryos plucked from the pleopods of the female. Individual embryos were then extracted using the Nucleon PhytoPure plant DNA extraction kit (Amersham Biosciences), with the exception that embryos were not ground under liquid nitrogen as recommended for plant tissue. Instead, embryos were individually placed whole into extraction buffer, where each was crushed with a sterile plastic pestle (USA Scientific).
By genotyping the mother and her brooded offspring for these 2 highly polymorphic loci, I can infer the minimum number of males with which a female must have mated. Although the genotypes of the sires for each brood are unknown in these field-collected animals, I take the conservative approach and assume that every female mated with only heterozygous males. Given this assumption, the minimum number of mates required to generate the allelic distributions detected in each family is estimated by one-half the number of non-maternal alleles. For cases in which there were an odd number of non-maternal alleles detected among the brooded offspring, estimates of the minimum number of males required were rounded up. For example, if 3 non-maternal alleles are detected, the minimum estimated number of mates must be rounded up from 1.5 to 2 males.
Given that loci Pc156s and Pc170s have 34 and 47 alleles, respectively, and heterozygosities of 0.70 and 0.83, respectively (Toonen 2001) , I have high exclusion probabilities even with only 2 loci included in these analyses. With this degree of polymorphism, the prospect of 2 individuals sharing a particular allelic combination by chance is on the order of 10 -4 (Avise 1994). However, although detection of non-maternal alleles can exclude a single male as the father of an entire brood, it cannot provide an accurate estimate of the frequency of multiple matings in natural populations. Because not all males in the population are in fact heterozygous for alleles other than those carried by the mother, any estimate based solely on the number of non-maternal alleles detected will be an underestimate of the true frequency of multiple matings in the field . The Bayesian approach of takes the allele frequency distribution of the population into consideration when calculating the most likely frequency of multiple mating events in that population, and also gives a confidence interval on that estimate. Therefore, I used the F(mm) computer program of to calculate the average frequency, and the 95% confidence intervals, of multiple mating in this population. To render a more conservative estimate of the frequency of multiple matings in the F(mm) analysis, I included only that subset of alleles found in a sample of 80 individuals from Bodega Bay at >1% frequency. There were no alleles detected in the mothers or their offspring that were not among this subset of the total allelic diversity at the 2 loci. Using only these data, there were 16 alleles at locus Pc156s, and 17 at locus Pc170s. Even with only 2 microsatellite loci that have this degree of polymorphism, exclusion probabilities are on the order of 10 -3 , and my estimate of multiple paternity is therefore likely to be an underestimate. Furthermore, I have sufficient power by genotyping 12 offspring from each of 10 females to reliably detect > 95% of multiple matings (Avise 1994 . Thus, the frequency of multiple mating estimated by these 2 loci is conservative relative to the true population value .
RESULTS
There was no evidence of deviation from expected Mendelian ratios of codominant autosomal loci for either locus Pc170s or Pc156s. Neither locus showed a significant deviation from Hardy-Weinberg expectations (p > 0.05), and no null alleles were detected in this study. All genotyped offspring contained at least 1 of the maternal alleles (Table 1) , and across the 10 families examined, the ratio of maternal alleles detected among the offspring did not differ from 1:1 for either Pc170s (df = 1, χ 2 = 0.405, p > 0.05) or Pc156s (df = 1, χ 2 = 0.348, p > 0.05). Single paternity of broods can be rejected for 8 of the 10 families examined in this study because there are more than 2 non-maternal alleles observed among the offspring ( Table 1 ). Given that the minimum number of mates will underestimate the contribution of any homozygous males or those that share an allele with the mother, this estimate of the minimum number of mates is conservative. Furthermore, each female carried hundreds of brooded embryos of which only 12 from a single small area of the brood were genotyped. Regardless, I detected as many as 5 non-maternal alleles (requiring a minimum of 3 males) among this small proportion of genotyped offspring (Table 1) . Using the F(mm) software package of , I found that the maximum likelihood estimate for the frequency of multiple mating in this population was 92.5%. The 95% confidence interval for this estimate ranges from 71 to 100% of females in the population that produce broods of mixed paternity.
DISCUSSION
Based on the allele frequency distribution among offspring, both loci used in this study appear to be codominant autosomal loci that segregate independently. Using these loci to genotype the offspring of brooding dams also provided novel information about the mating system of Petrolisthes cinctipes. By counting the number of non-maternal alleles detected at each locus among the offspring, I estimate that the minimum number of males that fertilize broods of individual females ranges from 1 to 3 (Table 1 ). In 8 of 10 females tested, single paternity of their broods could be unambiguously rejected (Table 1) . Furthermore, using the Bayesian approach of , I estimate that roughly 92.5% of females in the Bodega Bay population were carrying broods fathered by more than a single male.
Multiple matings have been observed in a variety of crab species, but studies of paternity in crabs remain rare (reviewed by Urbani et al. 1998) . Proposed benefits of multiple matings include: (1) prolonged guarding of vulnerable females by their mate (e.g. Jensen et al. 1996) ; (2) ensuring fertilization because (a) some males may be sterile, (b) males invest less sperm than females require when they partition their ejaculate among multiple females, or (c) there is a reduction of active sperm in storage organs due to passive loss or sperm mortality over time (reviewed by Jennions & Petrie 2000) ; (3) selection of more genetically compatible sperm and avoidance of intra-genomic conflict among offspring (reviewed by Zeh & Zeh 1996) ; (4) elevating offspring fitness by increasing the number of potential sires that compete (e.g. Kellogg et al. 1995) ; and (5) increasing the genetic diversity among offspring as a form of bet-hedging (reviewed by Schneider & Elgar 1998 , Jennions & Petrie 2000 . However, despite the range of potential advantages for multiple mating, studies that document the genetic composition of broods remain scarce. Those studies that have been done to date focus primarily on brachyuran crabs; despite multiple copulations and the presence of sperm storage organs in those few species studied to date, multiple paternity appears rare (e.g. Diesel 1989 , Koga et al. 1993 , Jensen et al. 1996 , Urbani et al. 1998 .
In contrast, the data presented here indicate that the majority of females of Petrolisthes cinctipes in Bodega Bay carried broods of multiple paternity (Table 1) . Molenock (1974 Molenock ( , 1976 reported that dominant male P. cinctipes maintain territories ca. 10 cm in diameter from which they exclude other males. However, Molenock also noted seeing several small males successfully mate within the territory of a larger male. The results of this study suggest that such mating may be a frequent occurrence, and that large males are rarely, if ever, successful in monopolizing access to receptive females; multiple paternity of broods seems widespread in this species. Even when only 12 of the hundreds of offspring carried per brood were sampled, 8 of 10 females were shown to carry broods with more than 2 unique paternal alleles. These data suggest that multiple paternity of broods is the rule rather than the exception for the porcelain shore crab P. cinctipes. Table 1 . Petrolisthes cinctipes. Summary of allelic inheritance data from a sample of 12 brooded offspring from each of 10 gravid females of the anomuran crab. In each case, mother refers to the gravid female from which brooded embryos (offspring) were collected. Detected alleles are identified by the length of the amplification product (in bp). The minimum number of males with which each female must have mated to generate the observed allelic distribution among the offspring is estimated by 1 ⁄ 2 the number of non-maternal alleles observed at either locus (see subsection 'Inheritance and paternity of brooded larvae')
